Spectra of samples containing multiple pyroxene components are explored as a function of modal abundance using the modified Gaussian model (MGM). The MGM, unlike other approaches, allows spectra to be analyzed directly, without the use of actual or assumed end-member spectra and therefore holds great potential for remote applications. Quantitative understanding of the spectral characteristics of lithologies which include mixtures of two or more pyroxenes is fundamental to analyzing remotely acquired spectra of terrestrial and extra-terrestrial targets. A series of mass fraction mixtures created from several different particle size fractions were analyzed with the MGM to quantify the properties of pyroxene mixtures as a function of both modal abundance and grain size. Results of this MGM analysis indicate that band centers, band widths, and relative band strengths of absorptions from individual pyroxenes in mixture spectra are largely independent of particle size. In addition, systematic changes in relative band strength as a function of modal abundance are observed, which yield particle size independent relationships that can be used to estimate modal abundances from the spectra of unknown samples. Spectra of natural samples exhibiting both zoned and exsolved pyroxenes are evaluated as examples of spectra likely to be measured from actual lithologies. Spectral properties of both pyroxene components are resolved in exsolved samples using the MGM, and modal abundances are accurately estimated to within 5-10% without predetermined knowledge of the end-member spectra. In contrast, the spectra of samples exhibiting zoned compositions are consistent with one dominant pyroxene component. This single pyroxene component has anomalously wide absorption bands and appears to represent an average composition.
INTRODUCTION
Pyroxenes are some of the most common rock forming minerals in the solar system. As such, remotely obtaining compositional data about pyroxenes could greatly enhance many geologic and petrologic studies, particularly those involving extra-terrestrial bodies. In visible and near-infrared reflectance spectra, pyroxenes are readily identifiable from their characteristic Fe +2 electronic transition absorption bands located near 1 I.tm and 2 I.tm [e.g., Bums, 1970; Adams, 1974 Adams, , 1975 Cloutis and Gaffey [1991] . These studies have convincingly shown that pyroxene spectra vary systematically as a function of major element composition. Absorptions in orthopyroxene occur at shorter wavelengths than those in clinopyroxenes, and generally move towards longer wavelengths with increasing iron content. Relationships between clinopyroxene spectra and iron content are more complex but still systematic [Cloutis and Gaffey, 1991] . These trends are useful summaries of the variability of individual pyroxene spectra with composition; however, they do not address the spectral properties of rocks which include multiple Copyright 1993 by the American Geophysical Union.
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O148-0227/93/93JE-00677505.00 pyroxene compositions, as often occur in nature. The spectra of orthopyroxene (OPX) and clinopyroxene (CPX) mixtures have been qualitatively described by previous researchers [Adams, 1974; Singer, 1981; Cloutis and Gaffey, 1991] as having properties that are intermediate to their end-members. However, as noted by Cloutis and Gaffey [1991] , spectra of pyroxene mixtures have yet to be studied intensely and their spectral properties remain poorly understood.
The study presented here explores in further detail the spectra of pyroxene mixtures by examining the relationships between absorption bands and composition. Preliminary results of this research were presented by Sunshine and Pieters [1991] . Analysis begins with spectra for a suite of OPX-CPX mass fraction mixtures using samples created from several different particle size fractions. These spectra are used to quantify the properties of pyroxene mixtures as a function of both modal abundance and grain size. Analysis of these laboratory spectra yields several particle size independent relationships, one of which can be used to estimate modal abundances from the spectra of unknown samples. Spectra of natural samples exhibiting both zoned and exsolved pyroxenes are evaluated as examples of the types of spectra likely to be measured in actual lithologies. Although this study will examine the applicability of the MGM approach using relatively simple natural samples, it is a necessary first step toward extracting compositional data from pyroxenes in more complicated natural lithologies which are likely to include many other mineral constituents.
BACKGROUND
The presence of multiple pyroxene compositions can be qualitatively identified in reflectance spectra and have been described as having spectral properties intermediate to those of 9076 SUNSH1NE AND PIETERS: ESTIMATING PYROXENE ABUNDANCES OPX and CPX [Adams, 1974; Singer, 1981; Cloutis and Gaffey, 1991] . A series of spectra of mass fraction mixtures between OPX and CPX are shown as examples in Figure 1 . In the 1 region, individual OPX and CPX absorption bands are often not visually resolvable, but manifest as a single broad, and often asymmetric, composite band. The minimum of the overall absorption in the 1 Ixm region of pyroxene mixture spectra is intermediate between those found in OPX and CPX spectra. In the 2 Ixm region, the OPX and CPX absorption bands are often sufficiently well separated that both can be visually resolved in pyroxene mixture spectra, except in cases involving relatively small amounts (--<20%) of one of the end-members (cf. Figure  1) . Examination of spectra of pyroxene mixtures has also revealed that these spectra, like those of most mineral mixtures, are not simple linear combinations of their end- Spectral properties of unknown end-members can be approximated by samples measured in the laboratory and a probable range of grain sizes of remote surface can be estimated. However, given the complexity of natural systems, it would be very difficult to prepare spectral libraries that include analogs which have the exact major element chemistry, minor element chemistry, and physical properties of the actual end-members. Although, spectra of different grain sizes can be synthesized from end-members of a given grain size [Johnson et al., 1992] , obtaining accurate spectral analogs to the actual lithologic constituents would be particularly difficult for extraterrestrial surfaces, which undoubtedly form under different conditions and experience different weathering processes than any terrestrial samples. Even small changes in the chemistry will effect the shape, position, and strength of absorption features. Given the highly dependent nature of Hapke theory on absolute albedo and absorption features, as well as grain size, the use of spectral analogs and Hapke theory to estimate mixing ratios of unknown materials is inherently limited in accuracy.
An alternative and complimentary approach to analyzing mixture spectra, which does not rely on the use of actual endmembers or spectral analogs, but extracts information from the measured spectrum itself, would therefore be useful in many situations. In previous studies, Sunshine et al. [1990] have reevaluated, tested, and modified the Gaussian model that was been used extensively by many authors [Bums, 1970 Roush and Singer, 1986] . This modified Gaussian model (MGM) more accurately describes the shape of electronic transition absorptions and was used to successfully isolate individual OPX and CPX absorption bands in pyroxene mass fraction mixture spectra. To date, the MGM has also been used to quantify the compositional systematics in the spectra of olivines Pieters, 1990, 1993] and actinolites [Mustard, 1992] .
The MGM refines the Gaussian approach by more accurately adhering to the physical processes that produce electronic transition absorptions. Electronic transition absorptions occur when photons interact with ions in distorted crystal field sites [Bums, 1970; Marfunin, 1979 ]. The energy, or wavelength, distribution of the absorption is determined by the asymmetry of the site the bond type, and the average distance between the ion and its surrounding ligands, the average bond length. The distribution of absorption energies due to a single crystal field site is expected to be similar to a damped harmonic oscillator, or Lorentzian in shape [Liou, 1980] Table 3 ) is composed of the same absorption bands, but is dominated by the absorption bands associated with CPX. Figure 5b , a summary of the band strengths and band centers for the entire 45-75 gm particle size suite, illustrates a major conclusion of Sunshine et al. [1990] , that while the relative band strengths systematically change with the proportion of CPX, the band centers remain essentially constant.
A similar experiment is carried out here for the <45 gm and 75-125 gm particle size suites of mass fraction mixtures. Model parameters derived with the MGM for the OPX and CPX end-member spectra in all three particles size ranges are listed in Table 2 . Note that the fits to the OPX spectra, which include the effects of band saturation, have relatively high residual The values listed for each continuum are the offset and slope of a straight line in energy and natural log reflectance. Each absorption band is described by a center (in nm), a full width at half maximum (in nm), and a strength (in natural log reflectance). The rms error between the modeled spectrum and the actual spectrum provides a measure of the quality of the fit. errors and that this error increases with increasing particle size, yet does not effect the derived absorption band parameters. OPX/CPX members of all of the particle size suites are shown in Figure 4 and the derived band parmeters are listed in Table  3 . Comparisons of the model fits to these spectra show that the absorption band characteristics are quite similar for all particle sizes. As can be seen in Figure 5 , absorption features in the mass fraction mixture spectra all appear to be composed of absorption bands that directly correspond to those in the OPX and CPX end-members. The band centers of these absorptions are essentially the same for all particle sizes, with the only difference between particle size suites being the absolute band strengths. These analyses suggest that absorption band centers are particle size independent and are located in the same positions as the band centers of absorptions in the end-member minerals. The band widths of individual absorptions in pyroxene mass fraction mixtures can also be evaluated. Figure 6 shows the band widths for the primary absorption bands as a function of modal abundance for the 45-75 gm particle size suite. The width of each absorption band is determined by a complex function of the composition of the sample, the absorption site, of wavelength, a more complete study of a variety of pyroxene compositions would be necessary to determine the cause of this relationship. Despite the decrease in absolute width with increasing wavelength, Figure 6 shows that the width of each absorption band does not vary significantly as a function of modal abundance. Comparisons of Figures 6a, 6b, and 6c , which show similar data for all particle sizes, indicate that band widths are also largely independent of particle size. These apparently invariant band widths, as a function of both particle size and modal abundance, add to the results from the band center analysis which indicate that the absorptions in pyroxene mixture spectra are determined by those in the endmember spectra.
While Although the absolute band strengths vary for each particle size suite (Figure 5) , the correlation between relative band strengths (CBSR) and modal abundance holds for each particle size (Figure 7) . A close inspection of Figure 7 reveals that these variations are nearly identical for each of the three particle size suites examined. To test whether this relationship holds for larger particle sizes, an additional sample was prepared. Results from MGM analysis of a spectrum of 50/50 OPX/CPX using 125-250 Ixm size particles are shown to be consistent with the results from smaller particle sizes ( Figure  7) . Therefore, the CBSR in pyroxene mixture spectra appear to be independent of particle size. As such, the data from all particle size suites can be combined to describe a single quantitative relationship between CBSR and modal abundance, as shown by the curves representing the best fits to all the data in Figure 7 . Note that these curves tend toward positive and negative infinity as they approach the end-member compositions. This behavior is consistent with the definition of CBSR which yield values of zero and infinity, positive and negative infinity in log (CBSR), for 100% OPX and 100% CPX, respectively.
These analyses demonstrate that the MGM can be successfully used to extract the spectral signatures of pyroxene end-members from spectra of OPX-CPX mass fraction mixtures. The systematic relationships among model parameters observed in these laboratory controlled samples also have several implications for modeling spectra of natural pyroxenes. First, the particle size independence of band centers, band widths, and relative band strengths (CBSR's) suggests that particle size effects can be considered minimal when modeling spectra of unknown samples. Second, the similarity of the CBSR in the 1 !xm and 2 !xm regions can be used to reduce the number of free parameters required to model spectra. This coupling of parameters could be particularly important for modeling spectra of natural surfaces which may have lower signal to noise ratios and/or may consist of more complicated lithologies, that include more complex overlapping absorption bands. For example, one could determine the presence of two pyroxenes absorptions from data in the 2 !xm region and derive their CBSR with the MGM. The CBSR determined from the 2 •tm region can then be used to constrain the relative strengths of the pyroxene absorptions in the more complicated 1 gm region. Table 1 and illustrated in Figure 2 . Since this pyroxene sample is composed of an intimate mixture of two discrete pyroxenes, it is a natural parallel to the laboratory mass fraction mixtures. In addition, because the exsolution lamellae in this sample are physically inseparable it is impossible to obtain spectra of the two pyroxene endmembers. This exsolved sample therefore provides a parallel to many remote situations where end-member spectra would be unavailable.
However, since the MGM, unlike other approaches, does not rely on end-member spectra, the lack of end-member spectra will not hinder analysis.
The spectrum of <250 I. tm particles of this exsolved pyroxene crystal includes complex absorption features near both 1 I. tm and 2 I. tm (Figure 8) . The MGM fit to the spectrum using single absorption in the 1 and 2 I. tm regions produces an unacceptable fit (Figure 8 for this sample. However, it should be noted that the compositional differences between the two pyroxenes in the exsolved pyroxene crystal from Moses Rock and those used in the laboratory mass fraction mixtures are not terribly large, as indicated in Figure 2 and Table 1. The pyroxenes in the exsolved sample contain more aluminum than those used in the mass fraction mixtures, but their iron, magnesium, and calcium Values as in Table 2. contents are quite similar. Significant differences in found in lunar basalts [Papike etal., 1976 The MGM has been a useful tool for analyzing the spectra of the laboratory mass fraction mixture spectra, as well as the natural exsolved pyroxene crystal. These samples consist of intimate mixtures of two discrete compositions, which in the case of the natural exsolved sample, occur due to near equilibrium cooling conditions. In contrast, many natural pyroxenes which form under relatively rapid cooling conditions, usually at the surface, do not reach equilibrium, and therefore exhibit continuous changes in composition. Continuous compositional zonation is common in pyroxenes expected from the reducing conditions on the moon, there is no Fe+2/Fe +3 charge transfer band in the model fit to this lunar CPX spectrum. There is however, a small residual error in the 1 }xm region of this MGM fit which is completely symmetric with respect to the absorption band. The peak residual error occurs at 0.966 }xm and the absorption band is centered at 0.963 }xm. This symmetric error is in sharp contrast, in both magnitude and character, to the error obtained in fitting the exsolved pyroxene with only one pyroxene (Figure 8 ). Unlike Figure 8 , the symmetric residual error is not due to the presence of additional discrete pyroxene components, but as is the case for the larger particle size mass fraction mixtures, is likely the a result of slight saturation of the 1 }xm band. This interpretation is supported by the lack of a residual error in the component band strength ratios vary logarithmically with modal abundance and are also independent of particle size. These results indicate that particle size effects can be considered minimal and that the MGM provides a method for estimating modal abundances from spectra of unknown pyroxene mixtures without the use of end-member spectra. The knowledge gained from this study of laboratory mass fraction mixtures was then used to interpret the results of the 100 MGM analysis of the spectrum of a natural exsolved pyroxene crystal. The spectral signatures of both OPX and CPX components in this exsolved sample were successfully resolved with the MGM suggesting that exsolved pyroxenes behave as intimate mixtures of two pyroxenes. The relative band strengths (CBSR) derived with the MGM were used to estimate the modal abundances in this sample and agree to within 5-10% with both visual and microprobe estimates. Although further studies need to be carried out to evaluate the role of possible to detect and model basalts with significant orthopyroxene and clinopyroxene components, each of which is compositionally zoned. One would therefore expect to be able to detect changes in the relative abundances of an average OPX and average CPX in such basalts using the MGM.
SUMMARY AND CONCLUSIONS
An analysis of spectra of pyroxene mass fraction mixtures has been carried out using the modified Gaussian model (MGM) developed by Sunshine et al. [1990] . These experiments provide laboratory control for interpretation of natural samples and have led to several important conclusions: (1) Using the MGM it is possible to deconvolve spectra of mixtures into absorption bands that correspond directly to absorptions in the end-member spectra. Table 4 . compositional zonation produces a spectral signature that cannot be distinguished from a single pyroxene in the MGM deconvolution. The composition of the single component is thought to represent an average composition of the zoned pyroxene. The only spectral evidence that this sample is continuously zoned is that the absorption bands are anomalously wide. These results suggest that remote spectroscopic measurements of zoned pyroxenes, which are commonly found in lithologies on the surfaces of planets, should be able to detect chances in pyroxene band centers and therefore average compositions. Finally, the presence or absence of broadened absorption bands may provide a remote method for ascertaining whether surface materials formed under extremely rapid or slow cooling conditions and therefore whether they formed at the surface or in a pluton. This study of laboratory and simple natural pyroxene mixtures is an important step in the continuing effort to accurately quantify and map relative changes in composition with remotely acquired spectra. The MGM has proven to be an excellent tool for quantifying the systematic trends that have been previously observed in pyroxene mixture spectra by many authors [Bums, 1970; Adams, 1974 Adams, , 1975 Singer, 1981; Cloutis and Gaffey, 1991] . Extracting pyroxene signatures from the spectra of more complicated lithologies and/or remote data with lower signal to noise ratios will be facilitated by the quantitative understanding of absorption bands developed here, particularly the coupling of parameters, such as the relative strengths of absorptions in the 1 gm and 2 gm regions.
Further studies with the MGM, such as the study of olivine spectra Pieters, 1990, 1993] and the study of actinolites [Mustard, 1992] , are in progress to quantify the spectral variations of other common minerals and their mixtures as a function of composition. Once a quantitative background is developed for the spectra of major rock forming minerals, this information can be explicitly and rigorously included in MGM deconvolutions of remote spectra.
One of the strengths of the MGM approach is that it derives information based solely on analysis of the measured spectrum and does not rely on pre-determined or assumed end-member constituents. As such, the MGM is complimentary to methods which use Hapke theory and a library of reference spectra. 
